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independent of the tunnel length, L, and the train speed, Vy, especially for the usual
R values in the range of 0.1 to 0.2. This has been verified by full scale experiments
[Peters (1990)]. T decreases with increasing train length, which is in accordance
with full-scale results. In comparing full-scale values of T; from coasting tests with
a value calculated with Eq. (23.188), it should be considered that coasting may have
an influence on the flow field due to the deceleration of the train. Therefore, German
Rail made tests in a tunnel with a grade in the downhill direction so that the train
speed Vr remained nearly constant.

The basic configuration of the Channel Tunnel consists of two single-track run-
ning tunnels connected at 250 m intervals with cross-connecting tubes called pres-
sure relief ducts. The concept of these ducts results in considerable traction energy
savings, lower pressure levels, and reduced cooling load. But, exhaust flows through
the ducts, which can be substantial (50 m/s), impinge on the sides of passing trains.
The induced forces can be a considerable risk for less, robust containers and freight
wagons and for cars on the open upper deck of car carriers. These effects can be
reduced by fitting deflectors on the connecting tubes [Gawthorpe (1992)].

‘ 23.9 LIGHTER-THAN-AIR VEHICLES

Sam P. Jones and James D. DeLaurier

23.9.1 Aerostatics for Aerostats and Airships

Introduction. The long and romantic history of airships and their contribution to
the development of air transportation is well known. Less familiar is the develop-
ment in recent years of the tethered aerostat as an important vehicle in communi-
cations, intelligence gathering, and surveillance. The development of the power
tether which transmits electrical power from the ground has been a factor in the
success of the latter. The largest of the tethered aerostats exceeds 500,000 cubic feet
in volume and flies routinely at altitudes of 15,000 ft [Krausman (1991)]. The design
and operation of these vehicles, both powered airships and tethered aerostats, depend
upon environmental and other factors which fall under the general heading of Aero-
statics. The few references on this subject include Brown and Speed (1962), Durand
(1934), Myers (1969), Wright (1976), and Jones (1986). Much of this discussion is
taken from the last of these. It is the objective of this section to present an overview
of this field sufficient for the engineer to understand the important factors affecting
these vehicles and to make elementary calculations of their static performance.

Strictly speaking, aerostat is a generic term applying to both airships and tethered
lighter-than-air craft. In the context of this discussion, the airship is considered to
be a powered. controlled, ligher-than-air vehicle, while the tethered aerostat, al-
though of aerodynamic shape, is unpowered and tethered to the ground. The same
principles of aerostatics apply to both. however the latter is more sensitive to envi-
ronmental factors, since it flies much higher than the airship and, having no active
controls, must be both statically and dynamically stable. The airship seldom flies
above 5,000 ft and can overcome inherent instability with active controls.

The Atmosphere. All lighter-than-air vehicles must allow for the expansion of the
lifting gas (usually helium) which is determined by the temperature and pressure or
density of the external air. An accurate model of the atmosphere is, therefore, es-
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sential to prediction of their performance. The effect of ambient conditions is so
strong that it is usually not sufficient to use Standard Atmosphere Tables [NOAA
(1976)]. A fairly accurate model of the atmosphere is derived from the hydrostatic
equation and the usually linear temperature gradient, with the surface conditions as
a boundary.

dp = —y dH (23.190)

T=1T,—aH (23.191)

Here, H is the altitude, p is the pressure, T is the absolute temperature, v is the
specific weight of air, a is the atmospheric lapse rate, and the subscript s denotes

surface conditions.
Integration yields

= [T}n (23.192)
pP = ps Ts .
T n—1
= - 23.193
Y = [T} ( )
where
T
n = Yofo (23.194).
Pod

Standard conditions at sea level are the following.

po = 1013.25 mbar = 29.921 in. Mercury = 2116.22 lb/sq ft
Iy = 15C =59 F = 288.15 K = 518.67 R
ay, = .0065 C/m = 0.0035662 F/ft

Under these conditions,

Yo = 1.2250 kg/cu m = .076474 1b/cu ft

Ao
ng = 52558

1.0559 kg/cu m = 0.06592 Ib/cu ft

where A is the specific lift of pure helium.

If the surface is at sea level, then H is the geopotential altitude and Eqs. (23.191),
(23.192), and (23.193), with ny will generate the Standard Atmosphere tables.

The presumption is dry air. The effect of humidity is to reduce the air density
which is accounted for by use of virtual temperature, T,. This is the temperature at
which the dry air would have the same density as the moist air at the same pressure.
It can be calculated using the following formula :
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T
Le=1z 0.3779p,./p

(23.195)

where p,, is the partial pressure of water vapor.

Ballonets. An essential feature of both types of lighter-than-air craft is the presence
of one or more ballonets, which are internal air chambers into which air is pumped
or from which it is expelled to maintain pressurization as the temperature and pres-
sure change. Tethered aerostats usually have one large ballonet, while airships more
often have two or more. In the latter, they are frequently located fore and aft and
used for trim purposes by shifting air from one to the other.

The size of the ballonet or ballonets determines the maximum altitude of the
aerostat, since the helium expansion from the ground to altitude must be accom-
modated. The total ballonet size can be calculated using

Vb (Tf)min(pH)min
— =] - ——-- 23.196
Vh (TH)max(ps)max ( )

Here, V, is the ballonet volume, V, is the volume available for helium when the
ballonets are empty, (7)., is the minimum temperature on the ground, (Ty),,., is
the maximum temperature at maximum altitude and ( PH)min @and (P, are the he-
lium pressures.

The large TCOM* 71 meter aerostat designed to carry a 3500 Ib payload to 15,000
ft has a ballonet volume of 56% of the hull volume, while the Westinghouse **
Sentinel 1000 airship’s ballonets are 24% of the total volume.

The large ballonets of tethered aerostats present a special problem in the calcu-
lation of static trim and center of gravity. The ballonet air, being much heavier than
the helium, tends to form a level surface, as shown in Fig. 23.96. This causes a
variable center of gravity depending upon the volume of air and pitch angle. The
problem is very minor in the much smaller ballonets of airships and is usually ig-

*TCOM. L.P., Columbia, MD.
**Westinghouse Airships, Inc.. Baltimore. MD.

BALLONET
CURTAIN

BALLONET AIR
FIGURE 23.96 Leveling of air in the ballonet of a tethered aerostat.
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nored. For large tethered aerostats, however, a family of curves must be prepared
for each design showing the centroid of the ballonet air as a function of fullness and

pitch angle. These are usually expressed as a family of polynomials used in both
- static and dynamic analyses.

Buoyancy Model. For dynamic analysis, the Archimedean buoyancy of the entire
body and the total mass, including the enclosed gases, must be considered. This
presents the difficulties due to air in the ballonets of large aerostats discussed in the
preceding paragraph. A simplified model, commonly used for steady-state analysis,
envisions the lifting gas as free to expand by expelling neutrally-buoyant air from
the ballonet. In this model, the gross buoyant lift is that of an independent parcel of
helium. Neglecting the small pressure differential (superpressure) and with no tem-
perature differential relative to the ambient (superheat), the lift of such a parcel is
independent of temperature and pressure and therefore of altitude. This is due to the
fact that the specific lift of the gas decreases in exactly the same proportion as the
volume increases. This model has the added advantage that the gross weight is that .
of the structure alone, which has a fixed weight, and center of gravity. The variable
is the center of buoyancy, the centroid of the helium volume, calculated from the
ballonet polynomials.

This simple model requires corrections for deviations from the simplifying as-
sumptions that the internal gases are at the same temperature and pressure as the
surrounding air and that both are dry. The gross lift of the helium thus corrected is
referred to as the Standard Gross Lift.

Correction for Superpressure: The superpressure is the differential of the pressure
inside the hull to the ambient and is responsible for maintaining the rigidity of the
hull. Common practice for both airships and tethered aerostats is to maintain about
2 in. of water gauge above dynamic pressure. This compression of the enclosed
gases results in a loss of lift, AL,, given by

ApT
AL, = —yV, 2L (23.197)
pT,
which reduces to
TV, A
AL, = — Yoo 2P (23.198)
Po Tg

where V, and T, are the total volume and temperature of the enclosed gases.

Since the absolute temperature does not vary greatly, the lift loss is almost in-
dependent of altitude. For a 500,000 cu ft vehicle with a superpressure of 2 in. water
gauge, the lift loss would be about 195 Ib.

Correction for Superheat: The term superheat in common usage refers to the tem-
perature differential of the internal gases to the ambient air. It results from the ra-
diation environment and is usually positive in the daytime due to solar radiation and
negative at night when the aerostat radiates to a clear sky. The effect is maximum ‘
during clear, calm conditions when the heat exchange with the environment is by
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 awral convection. Relative wind diminishes superheat due to the forced gonvection
peat transfer. For that reason, the effect is much less important for airships except
when moored, since they create their own relative wind. . ‘ .

" guperheat has two effects. It increases the Yolume of hf:hum, expelling air from
the pallonets, and increases the lift by d.ecreasmg the density of the enclosed gases.
Assuming the enclosed gases are at a uniform temperature, the net effect on buoyant
jift is analogous to that for superpressure.

AL =V, = ' (23.199)

8

For a 500,000 cu ft vehicle at 5000 ft altitude, the effect amounts to a gain of
about 65 1b per degree F of superheat.

The magnitude of superheat depends upon many factors including the hull ma-
rerial, time of day, cloud cover, season, and relative wind. Figure 23.97 presents
data taken on a TCOM 250 tethered aerostat at Grand Bahama Island during an
unusual period of clear, calm conditions for two days in January 1974. The wind
velocity was less than 5 knots, and the aerostat’s altitude was maintained between
8500 and 10,800 ft. The shielded temperature probe was hanging about 15 ft from
the top of the hull at the major diameter [Jones (1986)]. Like all subsequent TCOM
aerostats, the laminated hull material included an outer layer of white Tedlar® film.
puring the day, subjected to solar radiation, the helium temperature reached about
25°F higher than the ambient air, while at night, due to radiation to space, the
differential was negative by more than 10°F. These results are fairly typical of ob-
servations with other aerostats under similar conditions, irrespective of location and

season.
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FIGURE 23.97 Helium and air temperature on a TCOM 250 aerostat during calm cou&i~
tions, Grand Bahama Island. Jan. 18-20. 1974.
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FIGURE 23.98 Semiempirical curves for estimating day superheat.

Based upon empirical data and heat transfer theory, the curves of Figs. 23.98 and
23.99 have been derived to estimate the superheat for day and night conditions,
respectively. At low winds, free convection is assumed, and at higher winds cooling
is primarily by forced convection.

The Effect of Humidity: Water vapor is lighter than air, so moist air provides less
buoyant force on immersed bodies than dry air. This may be offset, however, by
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FIGURE 23.99 Semiempirical curves for estimating negative superheat at night.
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Q/ater vapor inside the aerostat. A little known fact is that, although relatively im-
ermeable 10 helium, most modem tethered aerostat and airship mgteria!s transmit
water vapor rather well. Thus, tests on TCOM laminated hull mateqal using ASTM
E-398 gave 2 water vapor transmissivity of 1.3.grams per 1.00 sq in. per ?4 hr at
100 F [Ashford et al. (1983)]. This is over 10 times the helmrp permeability mea-
sured at the same temperature when compared on the same basis. - -

While moisture in the ambient air decreases lift, water vapor inside the hull, being
lighter than air, increases lift. The water vapor content inside the hull w-ill approach
that of the outside air, in which case, there will be no net effect on lift. For that
reason and the difficulty of measuring the humidity in helium, this effect is usually
jgnored. However, ambient humidity ﬂuctugtes widely and water vapor change in-
side the hull lags by many hours so that the concentrations are seldom the same.
Humidity should be taken into account when making precise measurements such as
lift loss rate. :

Figure 23.100 shows the effect of water vapor in both the air and the helium on
the gross lift factor or ratio to the lift of dry helium [Jones (1986)]. The curves are
given in terms of the dew point, which is a measure of water vapor content with a
single number. , )

In addition to the effect on buoyant lift, water vapor in the helium affects the
maximum altitude of the aerostat. Since it occupies volume, the altitude at which
the ballonets are empty will be lowered. .

Aerostatic Flight Envelopes. Both airships and tethered aerostats are limited in their
maximum altitude and the temperature and pressure when moored by the helium fill
(gross lift) and size of the hull and ballonets. In airship parlance, the maximum
altitude is known as the pressure height, H,. It is the .altitude at which the helium
has expanded to expel all the air in the ballonets and any further increase in altitude
would cause a dangerous increase in hull pressure or venting of the helium. Thus,
it is sometimes called the vent ceiling.
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FIGURE 23.100 Nomograph showing the effect of water vapor on helium gross lift.
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Making use of Eq. (23.193) and the gas laws, and neglecting the small superheat
and superpressure, the pressure height of an airship is given by ‘

T, LpoT. I/(n-—l):\
H, =— {1 - (—————-——) (23.200)
P a Vh)\oﬁ:PsTo

where L is the standard gross lift of helium, and f, is the helium purity expressed as
volume fraction.

At low altitudes, as when moored, and low temperatures, the helium may contract
to such a small volume that the ballonets are completely filled with air. This is the
lower limit of helium volume.

P}== V} —'p% (23.201)

This altitude can be found by substituting V for ¥, in Eq. (23.200).

While the same equations apply to tethered aerostats, their ceiling altitude must
take into account the weight of the tether and the much higher superheat and relative
superpressure at the higher altitudes. In addition, tethered aerostats require signifi-
cant free lift or excess buoyancy over that required to lift the system including the
tether. It is essential to know how high the aerostat can safely fly under calm con-
ditions and what helium fill must be provided. The operating altitude is determined
by two factors, illustrated in Fig. 23.101, which is a plot of altitude as a function
of helium fill in terms of gross lift. The curves of positive slope represent the lift
limit for the gross weight, including tether and free lift. The greater the altitude, the
greater the tether weight and thus the more lift required. The slope is the inverse of

the unit weight of the tether. At night, negative superheat reduces lift, as shown by .

the displaced curve.
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FIGURE 23.101 Vent altitude and lift limit curves for determining optimum altitude and
lift (dashed lines). :
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The second factor determining operating altitude is the pressure height or vent
ceiling, represented by the curves of neggtive slope. This curve is very sensitive to
superheat, which reduces the pressure height. ‘ . ‘

The intersection of the lift limit and vent ceiling curves gives the altitude that can
oth day and night with a minimum specified free lift and allowances
his is known as the optimum altitude, and the corresponding gross
lift is the optimum helium fill. Of course, wiqd reduces superhez}t and prqvides aero-
dynamic lift, so it will be possible to fly higher than the optimum altlt}lde under
some conditions, but that will be at the expense of free lift based on hellu.m buoy-
ancy. For flights of many days, it may be necessary to compromise altitude by
overfilling to account for helium leakage.

Figure 23.101 is specific for a given set of ambient conditions. In particular, the
ambient temperature and pressure will affect the vent ceiling. Figure 23.102 shows
how the optimum altitude varies with sea level temperature for the TCOM 31-meter
tethered aerostat, with payload weight as a parameter. Standard sea level barometric
pressure and lapse rate are assumed. The free lift is 20% of the gross lift, and the
daytime superheat is taken to be 25°F. The negative superheat at night is not taken
into account. It is a matter of strategy to ignore negative superheat, which only exists
under calm conditions.

be maintained b
for superheat. T

73.9.2 Aerodynamics for Aerostats and Airships

For a traditional configuration consisting of an axisymmetric body with aft fins, as
shown in Fig. 23.103, a lighter-than-air vehicle’s steady-state normal force, axial
force. and pitching moment may be calculated from a modified cross-flow analysis.
In this. it is assumed that the vehicle is divided into two distinct aerodynamic re-
gions—the hull, which extends from the nose to the hull-fin intersection point, [,

8000 .
: D‘l YL
~ 5000 B &[\8
) \ ’
T 4000 P>~ R0,
L g
<

2000 =

O 40 80 120

TEMPERATURE (F)

FIGURE 23.102 Optimum altitude as a function of sea-level temperature for the TCOM
31 meter aerostat with various payloads. Free lift is 20% of the gross lift.
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FIGURE 23.103 Schematic of analytical model.

and the fins, which continue from that point to their trailing edge. For nonseparated
flow, the hull forces and moment are obtained from Allen and Perkins (1951), and
the fins’ normal force is obtained from Wardlaw (1979), with efficiency factors, 7,
and 7y, introduced to account for mutual interference between hull and fins. From
Jones and DeLaurier (1983), the resulting equations are for the normal force

N = CngyS
Cn = [(ks — k)mid; + 0.5(Cn¥)mS;) sin (2e) (23.202)
+ [(Cd)pd, + (Cd)sSy sin o sin|al
and for the axial force
D = CdgyS
Cd = [(Cdy)oSy + (Cd)oS;] cos® A
— (ks — k.)nkﬂ sin (2a) sin (a/2) — (Ct);S; (23.203)
The pitching moment (about the nose) is |
Mpose = Cmpgeqo ST
Clitgose = —[(ks — kpymify + 0.5()(Cn)mgSy) sin )
— [(Cdwds + (Cd)([)>S)] sin a sin|a| (23.204)

The terms in these equations are defined as follows: gy = free-stream dynamic ‘pres-
sure = p( Up)*/2, S = (total hull volume)*?, the reference area; ¢ = total hull length,
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the reference length; o = the angle of attack of the vehicle’s center-line to the free

stream flow direction; k,, k; = axial and lateral apparent-mass coefficients, respec-
tively, given by

ky =912 =), k3 =8/(2 — )
1 — & 1 Il + ¢
12 (15) [ () -
1 1 — ¢ 1 + e
°TET T 1"(1_—‘e>>
fg__l 12 )
e=< ) . (23.205)

where f, the hull’s fineness ratio, is [ = total hull length/hull maximum diameter
The nondimensional hull integrals, /,, /5, J,, and J,, are given by

Ih Ill
. 1 ("a4 A . 1 S dA
=-\| =gt =2 = — = d
i Sgodgg s’ Y ogdss
Ih 1 Ih
Ji =—S 2r dt; J, =—_§ 2rt dt (23.206)
S Jo ST Jo |

where A = hull cross-sectional area, { = axial distance along the hull, measured
from the nose, and r = hull radius.
Also,

% = §;/S, nondimensional fins’ reference area (see Fig. 23.104 for Sf).
Sy = S,/S, the nondimensional hull reference area [usually S, = S, de-
pending how (Cd,,), is defined].

(Cdy)o = hull zero-angle axial drag coefficient, referenced to S,. [This in-
cludes skin friction, base drag, and excrescence drag. A good ref-

erence for estimating these values is Hoerner (1965).]
((Cdy)e) = fin's zero-angle axial drag coefficient, referenced to 8. (This' in-
volves the profile drag of the exposed surfaces, as well as the inter-

ference drag where the roots of the fins intersect the hull.)

FIGURE 23.104 Fin planform definition.
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(Cd,), = hull cross-flow drag coefficient, referenced to J\S. [From Wardlaw
(1979), this value is typically = 0.3.]
(Cdc)f fin’s cross-flow drag coefficient, references to S;.

Plots for (Cd,), are presented in Wardlaw (1979), whxch are summanzed in the fol-
lowing curve-fitted equations

(Cd)y=Ag + Ay X AR + Ay X AR® + Ay X AR’ (23.207)

for 0 < AR < 3 and where

Ay = 2.008 + 3.99\ A, = —0.832 — 3.289\ + 0.7885\’
A, = 0.185 + 2.028\ — 1.15A7  A4; = —0.0178 — 0.44\ + 3.2\°
(23.208)

In these, AR = the fins' aspect ratio, defined by AR = b*/S; (it is important to note
that, for fins with a dihedral angle, T, that b is twice the semi-span length from the -
hull’s center-line to the fin’s tip. In other words; it is not the projected length on the
horizontal plane) and A = the fins’ taper ratio. (Since the effective planform, shown
by §;in Fig. 23.104, does not generally have a simple straight taper, it has been
found adequate to chose an equivalent straight-tapered planform as shown in Fig.
23.105.) For the purposes of initial estimations, a representative (Cd.); = 2.0 for
the AR and A values typical for airship and aerostat fins. _
(Cn});is the derivative of the isolated fins’ normal-force coefficient with respect
to o, at = 0 and referenced to S;. A useful equation for estimating this is obtained
from Lowry and Polhamus (1957). with a correction factor to account for the hori-
zontal fins’ dihedral angle

27AR cos’ T
(= —r m (23.209)
2 + { (1 + tan® A.,) + 4]
K
A =Cp/C oo Ciip

= Cip2]

7/
7’
~— . ’
T~
—~
r, /2 / \\z
// ~
7

— € root/2 "—"l
c
root

FIGURE 23.105 Equivalent straight-tapered planform.




23.9 LIGHTER-THAN-AIR VEHICLES

1.0 =TT =TT
A\N O -CBV-250 ]
N ® -CBV-350
R N @ -ZR-1 -
\ D -ZRS4
- @ \ * - U OfW ]
- \* —— from vortex and .
05 \, model
R AN
AN
R \ N _
- \ -
o N\
B N i
N
N N
o . | { | { | ! |
0 0.5
th/St
where
Ac/l =
shown in Fig. 23.105.
K p—1
is k = 0.95).
I' = fins’ dihedral angle.
=

[(Jl)mtal

1753

FIGURE 23.106 Fin-efficiency factor.

sweep of the half-chord line of the eqﬁivalent straight-tapered planform,

ratio of the airfoil section’s lift-curve slope to 27 (a reasonable estimate

fin-efficiency factor accounting for the effect of the hull on the fins, given
as a function of Sy,,/Syin Fig. 23.106 (S;, = portion of the fins’ area covered by the
hull. as shown in Fig. 23.104). n, = hull-efficiency factor accounting for the effect
of the fins on the hull, given as a function of Sf cos’ (T/(J ) in Fig. 23.107
the value of J,S when the integral for J, extends to the end of the hull.
Note that this is the hull’s complete horizontal projected area (shadow area)).

Curves for 7, and 7;, shown in Figs. 23.106 and 23.107. were obtained from a
semi-empirical method based on wind tunnel data for several airship and aerostat
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FIGURE 23.107 Hull-efficiency factor:
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models as described in Jones and DeLaurier (1983). Subsequently, these curves were
rederived by Wong, Zhiyung, and DeLaurier (1985) by using a vortex and source-
panel computational model. The results are co-plotted on Figs. 23.106 and 23.107,
where it is seen that they are a reasonably close match. Good results have been
obtained from using the semi-empirical curves.

(C)s = the fins’ leading-edge suction coefficient, given by

sin 20)  [(Crdymy sin Qo)
y  ane 47AR

(C1)y = (Cn¥)mm, (23.210)

where

n, = the leading-edge suction efficiency (For fins incorporating airfoils with
rounded leading edges, 5, = 1.0. However, fins with sharp leading edges
may give an 7, = 0)

and finally

(1}), = (lp),/c, nondimensionalized distance from the hull’s nose to the fins’ aero-
dynamic center (based on the S; planform)

(If)q = (l),/c, nondimensionalized distance from the hull’s nose to the fins’ cen-
ter of cross-flow force (the area center of the exposed fins, S, — S)

This method was applied by Badesha and Jones (1993) to the CBV 71M aerostat
shown in Fig. 23.108. This incorporates three identical fins arranged in an inverted-
Y configuration, where I' = —45°. The values of the parameters for this aerostat
are: S, = 1.0, Sf— 0.8369, f, = 0.2090, J, = 1.5542, [; = —0.1691, J, = 0.5498,
(Cnj); = 2.7101, (If), = 0.8108, (If)a = 0.8798, (k3 — k;) = 0.7169, = 0.6684,
n = 1. 0034 (Cd(.)f = 1.1145, (Cd )h = 0. 1200 th/Sf = 0. 2851 SfCOS P/( Jl)total
= (0.2329 and the resulting normal force and pitching coefficients are co-plotted with
results from wind tunnel tests in Figs. 23.109 and 23.110.

The aerostat in Fig. 23.108 has a very small portion of hull extending aft of the
fins’ trailing edge. However, blimps and airships are characterized by larger aft hull
portions (commonly called the boat tail), as drawn in Fig. 23.103. It has been found
that, for this analysis, only the boat tail’s skin friction and base drag contribution

FIGURE 23.108 Aecrostat CBV 71M.
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[through the (Cd,), term] need be accounted for. The flow straightening effect of the
fins essentially eliminates any cross flow in the boat-tail region.

23.10 LAMINAR FLOW CONTROL OV AIRCRAFT
Fayette S. Collier, Jr.

23.10.1 Introduction

Drag reduction in the form of laminar flow control applied to future, advanced com-
mercial, and military transports across the speed regime offers potential break-
through opportunities in terms of reductions in takeoff gross weight (TOGW), op-
eratmg empty weight (OEW). block fuel for a given mission, and significant



